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Abstract 33 

The widespread use of sulfonamide (SAs) antibiotics in animal husbandry has led to residues of SAs 34 

in the environment, causing adverse effects to the ecosystem and risk of bacterial resistance, which is a 35 

potential threat to the public health. Therefore, it is highly desirable to develop simple and high-throughput 36 

methods that can detect multiple SAs simultaneously. In this study, we isolated three kinds of aptamers 37 

with different specificities based on a multi-SA systematic evolution of ligands by exponential enrichment 38 

(SELEX) strategy using a mixture of sulfadimethoxine (SDM), sulfaquinoxaline (SQX), and 39 

sulfamethoxazole (SMZ). Three aptamers were obtained and one of them showed a similar binding to all 40 

tested SAs, with dissociation constant (Kd) ranging from 0.219 μM to 0.63 μM. For the other two aptamers, 41 

one is specific for SQX, and the other is specific for SDM and sulfaclozine. A label-free detection method 42 

based on the broad-specificity aptamer was developed for the simultaneous detection of six SAs, with 43 

detection of limits ranging from 0.14 μM to 0.71 μM in a lake water sample. The aptasensor has no binding 44 

for other broad-spectrum antibiotics such as β-lactam antibiotics, quinolones, tetracyclines, and 45 

chloramphenicol. This work provides a promising biosensor for rapid, multi-residue and high-throughput 46 

detection of SAs, as well as a shortcut for the preparation of different specific recognition elements required 47 

for the detection of broad-spectrum antibiotics. 48 

 49 

Keywords: Sulfonamides, aptamers, multiplexed SELEX, biosensor, label-free 50 

  51 
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Introduction 52 

Sulfonamides (SAs) are low-cost, broad spectrum synthetic antibiotics. They are widely used to treat 53 

systemic bacterial infections.1 More than 40 kinds of SAs have been used in human and veterinary medicine, 54 

among which sulfadiazine (SD), sulfadimethoxine (SDM), sulfaquinoxaline (SQX), sulfamethoxazole 55 

(SMZ), sulfaclozine (SCZ), and sulfathiazole (STZ), are most common.2 The irrational use or abuse of SAs 56 

in animal husbandry can lead to SA residues in the environment (e.g., water), causing adverse effects to the 57 

ecosystem and bacterial resistance.3 Therefore, there is a great need to detect them. 58 

Current analytical methods for SAs include the use of liquid chromatography (LC)4 and LC-tandem 59 

mass spectroscopy (LC–MS/MS).5, 6 The above instrument methods can simultaneously measure multiple 60 

SA antibiotics, but they require expensive instruments, professional operators, high cost and a long 61 

turnaround time. So, they are not suitable for on-site rapid monitoring of SAs. Immunoassay such as 62 

ELISA7 and immunochromatography8 are simple to use, fast and cost-effective suitable for field testing. 63 

However, antibodies are mainly prepared by animal immunization. The success rate of antibody production 64 

depends largely on the design and experience of researchers and the animal, leading to large batch-to-batch 65 

variation.9 Therefore, immunoassays are also susceptible to poor reproducibility. 66 

For the detection of small molecules, aptamers have many advantages.10, 11 Since 2012, many aptamers 67 

have been reported for the detection of SAs. For example, SDM,12 sulfanilamide (SNL),13 and sulfameter 68 

(SM)14 were immobilized on magnetic beads for aptamer selections. Target immobilization may block part 69 

of target molecules also leading to suboptimal aptamers. Le’s group used GO-SELEX to isolate aptamers 70 

for SQX,15 SD,16 and sulfamethazine (SMT).17 Recently, He et al used capture-SELEX to immobilize a 71 

DNA library via hybridization to select aptamers for SM.18 The large amount of work on SAs aptamers 72 

indicate the widespread interest for their detection. However, we have identified a few critical research gaps. 73 

First, all the selected aptamers showed binding only to the target sulfonamide. While this may demonstrate 74 

specificity of aptamers, a general aptamer that can bind this group of antibiotics might be more useful, since 75 

it is unlikely to develop over 40 different aptamers to detect them individually. Second, most of the previous 76 

work only used a single SA as target, and using a mixture of a few similar SAs might help understand 77 
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aptamer evolution and identification of aptamers that can bind to SAs as a group. Finally, all the previous 78 

work used nanomaterials as part of aptamer binding assay. In addition to using GO, many other types of 79 

materials were also employed including gold nanoparticles (AuNPs). We demonstrated that AuNPs can 80 

result in artifacts in aptamer binding assays.19-21 Therefore, it is important to validate aptamer binding using 81 

more rigorous label-free assays.22-24 82 

In this work, we used a mixture of SDM, SQX, and SMZ as targets for capture-SELEX of aptamers. 83 

Interestingly, we discovered aptamers that can bind to them as a group. In addition, specific aptamers that 84 

can only recognize one or a few of SAs were also obtained. Label-free fluorescence biosensors were 85 

developed using these aptamers. 86 

Materials and Methods 87 

Chemicals 88 

All of the DNA samples were synthesized by Integrated DNA Technologies (Coralville, IA, USA), 89 

and their sequences are listed in Table S1. Streptavidin-coated agarose resin (1-3 mg biotinylated BSA/mL 90 

loading capacity) was bought from Thermo Scientific (IL, USA). SDM, SQX, SMZ, SCZ, STZ, 91 

trimethoprim (TMP), thioflavin T (ThT), and SYBR Green I (SGI) were from Sigma-Aldrich. HEPES (4-92 

(2-hydroxyethyl)-1-piperazineethanesulfonic acid), NaCl, MgCl2, and NaOH were obtained from Bio Basic 93 

(Toronto, ON, Canada). 3 k and 10 k Ultra-0.5 centrifugal filter unit were from Millipore-Sigma. Micro 94 

bio-spin chromatography columns and SsoFast EvaGreen supermix were from Bio-Rad. dNTP mix, Taq 95 

DNA polymerase with ThermoPol buffer, and the low molecular-weight DNA ladder were from New 96 

England Biolabs (Ipswich, MA). 97 

SELEX 98 

The SELEX experiments were performed according to previously described procedures.10, 25 The 99 

selection buffer contained 20 mM HEPES, pH 7.4, 100 mM NaCl and 10 mM MgCl2. The SDM, SQX, and 100 

SMZ stock solutions were prepared in the selection buffer at a concentration of 10 mM. The concentration 101 

of the three SAs from round one to five was 1 mM each, from round six to twelve 0.2 mM each, and from 102 
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round thirteen to fifteen 0.05 mM each. The PCR products of round 12 (a mixed sample) and round 15 103 

(three separately eluted samples) were sent for sequencing. 104 

ThT fluorescence assays 105 

ThT-based fluorescence assays were performed on a Variant Eclipse fluorescence spectrophotometer. 106 

2.5 µL aptamer (100 µM), 5 µL ThT (100 µM), and 5 µL Triton X-100 (1%) were added in 487.5 μL of 107 

buffer (20 mM MES, pH 5.8, 50 mM NaCl, 10 mM MgCl2). The solution was transferred to a quartz cuvette 108 

and a SA drug was gradually titrated to a final concentration of 15 μM. The excitation wavelength was set 109 

at 440 nm, and the emission was monitored from 450 nm to 530 nm. The fluorescence values at 490 nm 110 

were used for calculation. The dissociation constant (Kd) was fitted using the following equation: y = y0 + 111 

aKd/(Kd + x), where x is the concentration of the titrated target, and a is the maximal fluorescence change 112 

upon saturated binding. 113 

SGI fluorescence assays 114 

The process of SGI assay was performed following the same procedure as the above ThT assay, except 115 

that the excitation wavelength was set at 480 nm, and the emission wavelength was monitored from 490 116 

nm to 560 nm. The fluorescence values at 520 nm were used for calculations. The final SGI concentration 117 

was 1 µM. The lake water was collected from Lake Ontario. The assay was performed using the SDM-3 118 

aptamer and SGI as described above. After the lake water was filtered, different concentrations of SAs were 119 

spiked, and each concentration was tested in triplicate. 120 

Isothermal titration calorimetry (ITC) 121 

ITC was performed using a MicroCal VP-ITC. First, 2 mL ITC buffer (20 mM MES, pH 5.8, 50 mM 122 

NaCl, 10 mM MgCl2, 1% ethanol for MIX-1; 20 mM HEPES, pH 7.0, 20 mM MgCl2, 1% ethanol for SDM-123 

3) was prepared. Then, an aptamer (10 μM) in the buffer was annealed by heating to boiling for 5 min and 124 

cooling naturally over 30 min. Second, 200 μM target was also dissolved in 2 mL ITC buffer. The above 125 

aptamer and target solutions were degassed for 5 min prior to loading. Then 281 μL of target solution was 126 

filled in the syringe and 1.45 mL of aptamer solution was injected into the cell chamber. Except for an 127 
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initial injection of 0.5 μL, 10 μL of the target was titrated into the cell each time over 20 s duration for a 128 

total of 28 injections at 25°C. The titration spacing was set for 360 s between each injection. The Kd value 129 

was obtained by fitting the data to a one-site binding model using the accompanying Origin software.26 130 

Results and Discussion 131 

Aptamer selection 132 

Our DNA library contained a 30-nucleotide (nt) random region flanked by two constant primer-133 

binding regions. The library was immobilized by hybridization to an oligonucleotide bearing a biotin tag 134 

attached to streptavidin-functionalized agarose beads.27-31 The structures of the three SA targets are shown 135 

in Figure 1A, and their mixture was used for the selection. In addition, we also included three other SAs 136 

for selectivity assays (Figure 1B). DNA sequences that can bind to one of the three target SAs were released 137 

from the beads and collected. The initial five rounds of selection were performed with 1 mM each of the 138 

SAs. For the next 7 rounds, the SA concentration was dropped to 0.2 mM each, and to 0.05 mM each for 139 

the last 3 rounds. After the final round, we split the library into three and eluted them separately with a 140 

different target. We sequenced all the three separated libraries along with the mixed library at the end of 141 

round 12 (before the further decrease of target concentration).  142 

All the sequencing results were highly converged, suggesting successful enrichment of aptamers. The 143 

top 6 sequences from each of the sequenced library is shown in Table S2. Out of all them, we identified 144 

seven sequences that seem to be different from each other (Figure 1C). We color coded the identical 145 

nucleotides and found that many motifs are present in different sequences. These aptamers were named as 146 

follows. MIX-1 means the most abundant sequence in the mixed library, and SDM-3 means the third most 147 

abundant sequence from the sulfadimethoxine eluted library, for example.  148 
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 149 

Figure 1. The structures of (A) SDM, SQX, and SMZ, and (B) SCZ, STZ, and TMP. (C) The seven unique 150 
sequences from the SA selection. Their copy number and percentage in their respective library are also 151 
shown. The color highlighted regions represent conserved nucleotides found in different sequences.  152 

 153 

Of these seven sequences, the first three contained many common regions, and we classified them as 154 

the same family. Thus, only five sequences had obvious differences, and we picked them for binding assays. 155 

The predicted secondary structures of the five tested sequences are shown in Figure 2.32 Two of them had 156 

a simple hairpin structure, whereas the rest three have internal stem loops. 157 

 158 

Figure 2. The predicted secondary structures of five aptamers: (A) MIX-1, (B) MIX-2, (C) SDM-3, (D) 159 
SQX-3, and (E) SMZ-6. The structures were generated using RNAalifold. 160 
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ThT-based binding assays 161 

Some of the aptamers (e.g. MIX-1) are rich in guanine in the loops, suggesting that thioflavin T (ThT) 162 

might be a useful fluorescence probe for label-free binding assays.33 Thus, we first used ThT fluorescence 163 

spectroscopy to evaluate binding of the aptamers. When ThT binds to an aptamer, its fluorescence was 164 

enhanced. When a target molecule binds to the aptamer, ThT might be displaced resulting in a decreased 165 

fluorescence. Using the MIX-1 aptamer as an example, we observed a pronounced decrease in fluorescence 166 

in the presence of SDM (＞65%), but a much smaller change in fluorescence with SMZ or SQX (＜20%) 167 

(Figure 3A). Similarly, for MIX-2 and SMZ-6, the same was observed (Figure 3B and 3C). From this 168 

selectivity pattern, these three aptamers might have a similar way of binding. Since these aptamers represent 169 

the majority of the mixed library, it is likely that even at round 12, the library was dominated by SDM 170 

binding sequences. It implies that SDM is a more favorable target for enriching aptamers. The other two 171 

sequences (SDM-3 and SQX-3), however, did not show any response to the SAs with ThT (Figure S1). 172 

Aside from the three target molecules, we tested three more SAs, including sulfaclozine (SCZ), 173 

sulfathiazole (STZ), and trimethoprim (TMP). Interestingly, SCZ showed even better binding, although the 174 

other two SAs showed no binding to these three aptamers. It is understandable that removing the methoxyl 175 

groups can better fit the drug in the binding pocket since methoxyl groups themselves do not have a strong 176 

interaction mechanism with aptamers. The Stojanovic group recently dissected the contribution of different 177 

functional groups to aptamer binding.34 Although the authors did not specifically examine methoxyl groups, 178 

our result can be rationalized based on this concept. The difference in Kd between these three aptamers for 179 

SCZ and SDM was quite small, suggesting that the majority of binding was from the common sulfonamide 180 

part. Yet, the structure of the other part is also critical, since none of the rest SAs can bind. So far, we 181 

discovered a few new aptamers that have the best selectivity for SCZ followed by SDM. 182 

SYBR Green I based binding assay 183 

Since SDM-3 and SQX-3 did not respond to ThT, we then used SYBR Green I (SGI) to monitor their 184 

binding. SGI prefers to bind to duplex regions and it may complement to ThT for probing aptamer binding. 185 
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Very interestingly, for the SQX-3 aptamer, we observed ~50% fluorescence increase with SQX, while no 186 

fluorescence change occurred for the other SAs (＜5%, Figure 3D). We noticed that the abundance of this 187 

sequence was high (7.7%), and compared with the other two isolated libraries, the enrichment of SQX-3 188 

was significantly higher than that of SMZ and SDM (Table S2). This result may explain the survival of 189 

SQX-3.  190 

For the SDM-3 aptamer, it showed fluorescence decreased in the presence of all the 6 SAs, and the 191 

fittings showed that they all had Kd values below 1 µM. Given the difference in these six drugs, this aptamer 192 

mainly binds to the common region of the SAs, and is a broad-spectrum aptamer for SAs (Figure 3E). 193 

Therefore, based on the SGI binding assay, two new aptamers were discovered: one specifically binding to 194 

SQX, and the other binding SAs as a group. Table S3 summarizes the determined affinities of the selected 195 

aptamers by using the ThT-based and SGI-based assays. 196 

 197 

 198 

Figure 3. The ThT-based binding assays of (A) MIX-1, (B) MIX-2, and (C) SMZ-6 to the six SAs. The 199 
SGI-based binding assays of (D) SQX-3 and (E) SDM-3 to the six SAs. (F) Selectivity of the SDM-3 200 
aptamer to different drugs. Negative means samples without a target, and positive means with 1 µM SAs 201 
drugs or 200 µM other targets. OTC: oxytetracycline; TC: tetracycline, AMP: ampicillin; PNC: penicillin, 202 
ENR: enrofloxacin; and CAP: chloramphenicol. 203 
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 204 

Implication of different responses to ThT and SGI 205 

It is interesting that two aptamers only responded to SGI while the rest three can be signaled using 206 

ThT. Therefore, for an aptamer, it is important to screen for different dye probes. The lack of a dye response 207 

does not necessarily mean that there is no binding. The Bhaskar team35 studied nucleic-acid-binding dyes 208 

as indicators of aptamer-target interactions for the ATP, thrombin, and theophylline aptamers. They used 209 

five different dyes (YOYO, ethidium bromide, thiazole orange, SYBR Green I, and Hoechst 33258) for 210 

binding assays. The authors concluded that the success of a signaling strategy not only depends on the 211 

degree of aptamer conformational change upon target binding but also on the property of the dye used. Our 212 

observations here are consistent with their results. 213 

ITC 214 

ITC was used to further confirm the affinity of aptamers to SAs. ITC is a label-free homogeneous 215 

method to obtain all the thermodynamic parameters including Kd.36 The lower the Kd, the stronger the 216 

affinity of an aptamer.37 In this study, 200 μM SCZ or SDM was titrated into 10 µM aptamer and an 217 

exothermic reaction was observed. Because MIX-1, MIX-2, and SMZ-6 aptamers all have the best 218 

selectivity with SCZ, we tested MIX-1 using ITC. The fitted Kd value was 118 nM (Figure 4A), which was 219 

similar to that from the ThT assay (89 nM). The Kd for the SDM-3 aptamer for SCZ and SDM was 219 nM 220 

and 247 nM using ITC, respectively (Figure 4B and 4C), and the Kd values were 260 nM and 360 nM by 221 

SGI binding assay. Therefore, in this case, these two techniques gave essentially the same result for these 222 

aptamers. In general, ITC is a more reliable measurement of aptamer affinity, since there are no other 223 

components that interfere binding.38 This result verifies binding of the aptamers and reliability of the dye 224 

probes. The thermodynamic values of the aptamer binding reactions are shown in Table 1, and all the 225 

binding reactions were enthalpy driven.  226 
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 227 

Figure 4. ITC results of aptamer binding by titrating 200 μM SCZ into (A) 10 μM MIX-1, and (B) SDM-228 

3 aptamers, and (C) 200 μM SDM into 10 μM SDM-3 aptamers. 229 

 230 

Table 1 The thermodynamic values of the binding. 231 

Aptamer N Target H (kcal/mol) S (cal/Kmol) Kd (nM) 

MIX-1 0.59±0.01 SCZ -85.4±0.9 -255 118 

SDM-3 0.86±0.02 SCZ -17.3±0.5 -27.5 219 

SDM-3 0.68±0.009 SDM -82.2±1.9 -244 247 

N: binding stoichiometry  232 

Optimization of detection conditions 233 

Among the aptamers we obtained in this study, SDM-3 is the most interesting since it can bind to all 234 

the six SA antibiotics, which was not achieved previously. Therefore, the rest of the work was focused on 235 

this aptamer. There are many factors that affect aptamer binding,39, 40 such as aptamer concentration, the 236 

type and pH value of buffer, and salt concentration. To use SDM-3 as a broad-spectrum sensor for SAs, we 237 

first optimized aptamer concentration, with the ratio of aptamer to SGI fixed at 1:2. Figure 5A shows that 238 

the fluorescence changed less with increasing aptamer concentration. This is reasonable since a sensor is 239 
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more sensitive with a lower probe concentration. The fluorescence decrease was 62.8% and 62.6% when 240 

the aptamer concentration was 25 nM and 50 nM, respectively. Although the fluorescence change was 241 

similar, the fluorescence intensity at 25 nM was only one-third of that at 50 nM, and the signal error was 242 

twice that at 50 nM. So, we chose 50 nM as the optimal aptamer concentration. 243 

The effect of pH was then investigated. As the pH was raised, the fluorescence change first increased 244 

and then decreased. Figure 5B shows that when the pH was 7.0, the fluorescence change was the largest. 245 

Therefore, pH 7.0 was the optimal pH. Similarly, Figure 5C shows that 20 mM Mg2+ achieved the largest 246 

signal change. Finally, we tested the effect of Na+ concentration, and the signal change was quite 247 

independent of Na+. The largest change in fluorescence was achieved in the absence of Na+ (Figure 5D). 248 

Since this aptamer requires Mg2+ for binding, adding Na+ may compete with Mg2+. Different aptamers have 249 

different optimal conditions. For example, the optimal pH for the MIX-1 aptamer was pH 5.8 (Figure S2). 250 

  251 

Figure 5. Effects of different factors on SDM-3 aptamer binding, including (A) aptamer concentration; (B) 252 
pH; (C) Mg2+ concentration; and (D) Na+ concentration.  253 
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Sensitivity and selectivity of SDM-3 based sensor 254 

With the above optimized condition, the sensitivity and selectivity of the SDM-3 based sensor were 255 

measured. A series of concentrations of drugs were added to the SDM-3 and SGI mixture and the 256 

fluorescence was recorded. The detection limit (LOD) was calculated based on 3/slope, where  is the 257 

standard deviation of the background fluorescence variation. For the SDM-3 broad-spectrum recognition 258 

aptamer, the LODs of detecting SCZ, SDM, SMZ, SQX, STZ and TMP were 0.15 μM, 0.07 μM, 0.23 μM, 259 

0.41 μM, 0.35 μM, and 0.31 μM, respectively. Then, we evaluated the selectivity of SDM-3 to other classes 260 

of antibiotics, including oxytetracycline (OTC), tetracycline (TC), ampicillin (AMP), penicillin (PNC), 261 

enrofloxacin (ENR), and chloramphenicol (CAP). The results (Figure 3F) showed that when the 262 

concentration of these drugs was as high as 200 μM, no change in the fluorescence was observed, indicating 263 

that SDM-3 specifically binds to SAs. 264 

Real sample tests 265 

To verify the reliability and practicality of our sensors, we further challenged our sensor in lake water. 266 

There are many unknown components in lake water, which may cause matrix interference to the sensor. 267 

After the lake water was filtered, different concentrations of SAs were spiked, and each concentration was 268 

tested in triplicate. The results showed that the sensor can robustly achieve the specific recognition to SAs 269 

in complex matrix samples. The LODs of the biosensor for SCZ, SDM, SMZ, SQX, STZ and TMP were 270 

0.48 μM, 0.14 μM, 0.42 μM, 0.18 μM, 0.58 μM, and 0.71 μM, respectively (Figure 6). Therefore, this 271 

aptasensor has great application potential in the field for environmental monitoring. 272 
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 273 

Figure 6. Detection of 6 kinds of SAs in Lake Ontario water by the SDM-3 aptasensor. (A) SCZ; (B) SDM; 274 
(C) SMZ; (D) SQX; (E) STZ; (F) TMP. The insets share the same x- and y-axis as the main figures. 275 

Comparison with previously reported aptamers 276 

Table 2 has summarized the previously reported SA aptamers, and the reported aptamer sequences are 277 

listed in Table S4. There are a few major differences between our aptamers that the previous ones. First, 278 

most previous works used a single SA target, and the selected aptamers showed binding only to the target 279 

SA. Only one previous study used four different SAs as targets, the four drugs are sulfamethoxypyridazine 280 

(SMPZ), sulfathiazole (STZ), sulfamerazine (SMR), and sulfapyridine (SPD).41 However, the best aptamer 281 

they obtained named Sull-4 only had good binding to SQX (Kd 670 nM), the Kd values for other drugs were 282 

all greater than 20 µM from microscale thermophoresis. Therefore, this is not a broad-spectrum aptamer 283 

either. For practical applications, a general aptamer that can bind this group of antibiotics might be more 284 

useful. Second, we aligned the seven sequences we obtained with the literature reported aptamers (Figure 285 

S3). We could not find sequence homology between our new aptamers and any of the reported aptamers, 286 

indicating that new aptamers were obtained from our selections.  287 

 288 

 289 
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Table 2 Comparison with previously reported aptamers 290 

Aptamer Target for 
selection 

Optimal 
length 

Kd (nM) Method for Kd Selectivity Ref. 

SDZ30-1 SD 13 nt 65  MBs-based labeled 
fluorescence assay  

SD Tang et al16 

SBA2-1 SQX 38 nt 82  GO-based labeled 
fluorescence assay 

SQX Shi et al15 

SMZ1S SMT 9 nt 24 GO-based labeled 
fluorescence assay  

SMT Kou et al17 

SA07 SMT 60 nt 79  Equilibrium filtration 
method 

SMT Yang et al42 

Su13 SDM 22 nt 84 MBs-based labeled 
fluorescence assay 

SDM Song et al12 

Sulf-1 SM 58 nt 154 GO-based labeled 
fluorescence assay   

SM He et al18 

SME4-1 SM 13 nt 84  MBs-based labeled 
fluorescence assay  

SM Yan et al14 

Sull-04 SMPZ, 
STZ, SMR, 
and SPD  

51 nt 670-
109000  

BHQ-cDNA labeled 
fluorescence assay  

SQX (Kd 0.67 µM). 
SMPZ, SMD, SCP, 
and SPD (Kd > 20 
µM) 

Xu et al41 

SDM-3 SDM, 
SQX, and 
SMZ 

42 nt 219-630 ITC and SGI-based 
label-free 
fluorescence assay  

SDM, SQX, SMZ, 
SCZ, STZ and TMP 
(Kd < 1 µM) 

This work 

MIX-1 SDM, 
SQX, and 
SMZ 

42 nt 89-740 ITC and ThT-based 
label-free 
fluorescence assay  

SCZ, SDM This work 

SQX-3 SDM, 
SQX, and 
SMZ 

42 nt 320 SGI-based label-free 
fluorescence assay 

SQX This work 

SMD: Sulfametoxydiazine; SCP: sulfachloropyridazine; MBs: magnetic beads; GO: graphene oxide; BHQ-291 

cDNA: Black Hole Quencher 1-labeled complementary strand 292 

 293 
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Conclusions  294 

In summary, we used a mixture of three SAs to select aptamers and obtained three kinds of aptamers 295 

with different specificities. One of them showed a similar binding to all tested SAs with Kd ranging from 296 

0.22 μM to 0.63 μM. For the other two aptamers, one is specific for SQX, and the other is specific for SDM 297 

and SCZ. The proposed label-free aptasensor was succeed in applying to practical samples detection, with 298 

the LODs ranging from 0.14 μM to 0.71 μM in the lake water sample for the six SAs. The multi-targets 299 

SELEX strategy provides a shortcut for the generation of broad-spectrum aptamers for the detection of a 300 

family of antibiotics. Meanwhile, the proposed SGI-based label-free fluorescent aptasensors can work in 301 

lake water, and these aptamers are likely to be used in other sensor platforms for the detection of SA 302 

antibiotics.  303 

Acknowledgements 304 

This work is supported by The Natural Sciences and Engineering Research Council of Canada 305 

(NSERC), National Natural Science Foundation of China (32272404). X. Li received a scholarship from 306 

China Scholarship Council (CSC, 202108440285) to visit the University of Waterloo. 307 

ASSOCIATED CONTENT 308 

Supporting Information 309 

The Supporting Information is available free of charge on the ACS Publications website. 310 

DNA sequences used for aptamer selection and assays; the top 6 sequences from each of the 311 

sequenced library; the Kd of selected aptamers by using ThT-based assay and SGI-based assay; sequences 312 

used as aptasensors in previous studies; the ThT-based binding assays of SDM-3 and SQX-3; the 313 

optimal pH value optimization results of MIX-1 aptamer; the alignment results. 314 

Reference  315 

(1) Yan, J.; Zhang, J.; Zhang, M.; Shi, G., Lanthanide Metal-Organic Framework as a Paper Strip 316 
Sensor for Visual Detection of Sulfonamide with Smartphone-Based Point-of-Care Platform. Talanta 2022, 317 
237, 122920. 318 



17 

 

(2) Dmitrienko, S. G.; Kochuk, E. V.; Apyari, V. V.; Tolmacheva, V. V.; Zolotov, Y. A., Recent 319 
Advances in Sample Preparation Techniques and Methods of Sulfonamides Detection - a Review. Anal. 320 
Chim. Acta 2014, 850, 6-25. 321 
(3) Wei, Z.; Cheng, X.; Li, J.; Wang, G.; Mao, J.; Zhao, J.; Lou, X., Ultrasensitive Evanescent Wave 322 
Optical Fiber Aptasensor for Online, Continuous, Type-Specific Detection of Sulfonamides in 323 
Environmental Water. Anal. Chim. Acta 2022, 1233, 340505. 324 
(4) Zhou, Q. X.; Fang, Z., Highly Sensitive Determination of Sulfonamides in Environmental Water 325 
Samples by Sodium Dodecylbenzene Sulfonate Enhanced Micro-Solid Phase Extraction Combined with 326 
High Performance Liquid Chromatography. Talanta 2015, 141, 170-174. 327 
(5) Yuan, S.-f.; Liu, Z.-h.; Yin, H.; Dang, Z.; Wu, P.-x.; Zhu, N.-w.; Lin, Z., Trace Determination of 328 
Sulfonamide Antibiotics and Their Acetylated Metabolites Via Spe-LC-MS/MS in Wastewater and Insights 329 
from Their Occurrence in a Municipal Wastewater Treatment Plant. Sci. Total Environ. 2019, 653, 815-330 
821. 331 
(6) Ayala-Cabrera, J.; Moyano, E.; Santos, F., Gas Chromatography and Liquid Chromatography 332 
Coupled to Mass Spectrometry for the Determination of Fluorotelomer Olefins, Fluorotelomer Alcohols, 333 
Perfluoroalkyl Sulfonamides and Sulfonamido-Ethanols in Water. J. Chromatogr. A 2020, 1609, 460463. 334 
(7) Shelver, W. L.; Shappell, N. W.; Franek, M.; Rubio, F. R., Elisa for Sulfonamides and Its 335 
Application for Screening in Water Contamination. J. Agric. Food Chem. 2008, 56, 6609-6615. 336 
(8) Haiping, L.; Jiangyue, W.; Fanping, M.; Aifeng, L., Immunochromatographic Assay for the 337 
Detection of Antibiotics in Animal-Derived Foods: A Review. Food Control 2021, 130, 108356. 338 
(9) Dunn, M. R.; Jimenez, R. M.; Chaput, J. C., Analysis of Aptamer Discovery and Technology. Nat. 339 
Rev. Chem. 2017, 1, 0076. 340 
(10) Zhao, Y. C.; Ong, S.; Chen, Y. J.; Huang, P. J. J.; Liu, J. W., Label-Free and Dye-Free Fluorescent 341 
Sensing of Tetracyclines Using a Capture-Selected DNA Aptamer. Anal. Chem. 2022, 94, 10175-10182. 342 
(11) Ye, H.; Yang, Z.; Khan, I. M.; Niazi, S.; Guo, Y.; Wang, Z.; Yang, H., Split Aptamer Acquisition 343 
Mechanisms and Current Application in Antibiotics Detection: A Short Review. Crit. Rev. Food Sci. Nutr. 344 
2022, 1-12. 345 
(12) Song, K. M.; Jeong, E.; Jeon, W.; Jo, H.; Ban, C., A Coordination Polymer Nanobelt (CPNB)-346 
Based Aptasensor for Sulfadimethoxine. Biosens. Bioelectron. 2012, 33, 113-119. 347 
(13) Fischer, C.; Kallinich, C.; Klockmann, S.; Schrader, J.; Fischer, M., Automated Enrichment of 348 
Sulfanilamide in Milk Matrices by Utilization of Aptamer-Linked Magnetic Particles. J. Agric. Food Chem. 349 
2016, 64, 9246-9252. 350 
(14) Yan, X.; Wang, Y.; Kou, Q.; Sun, Q.; Tang, J.; Yang, L.; Chen, X.; Xu, W.; Le, T., A Novel 351 
Aptasensor Based on Fe3O4/Au/g-C3N4 for Sensitive Detection of Sulfameter in Food Matrices. Sens. 352 
Actuators B Chem. 2022, 353, 131148. 353 
(15) Shi, H. X.; Kou, Q. M.; Wu, P.; Sun, Q.; Wu, J.; Le, T., Selection and Application of DNA 354 
Aptamers against Sulfaquinoxaline Assisted by Graphene Oxide-Based SELEX. Food Anal. Meth. 2021, 355 
14, 250-259. 356 
(16) Tang, J.; Kou, Q.; Chen, X.; Wang, Y.; Yang, L.; Wen, X.; Zheng, X.; Yan, X.; Le, T., A Novel 357 
Fluorescent Aptasensor Based on Mesoporous Silica Nanoparticles for the Selective Detection of 358 
Sulfadiazine in Edible Tissue. Arab. J. Chem. 2022, 15, 104067. 359 
(17) Kou, Q. M.; Wu, P.; Sun, Q.; Li, C. X.; Zhang, L.; Shi, H. X.; Wu, J.; Wang, Y. R.; Yan, X. L.; Le, 360 
T., Selection and Truncation of Aptamers for Ultrasensitive Detection of Sulfamethazine Using a 361 
Fluorescent Biosensor Based on Graphene Oxide. Anal. Bioanal. Chem. 2021, 413, 901-909. 362 
(18) He, Y.; Zhang, J.; Tian, R.; Lu, Y.; Pan, L.; Zhang, Y., Selected Ssdna Aptamers–Graphene Oxide‐363 
Based Fluorescent Biosensor to Detect Sulfameter in Milk. Luminescence 2023, 38, 518-526. 364 
(19) Zhang, F.; Liu, J., Label‐Free Colorimetric Biosensors Based on Aptamers and Gold Nanoparticles: 365 
A Critical Review. Anal. Sens. 2021, 1, 30-43. 366 
(20) Liu, X. X.; He, F.; Zhang, F.; Zhang, Z. J.; Huang, Z. C.; Liu, J. W., Dopamine and Melamine 367 
Binding to Gold Nanoparticles Dominates Their Aptamer-Based Label-Free Colorimetric Sensing. Anal. 368 
Chem. 2020, 92, 9370-9378. 369 



18 

 

(21) Zhou, J. J.; Li, Y. Q.; Wang, W. J.; Lu, Z. C.; Han, H. Y.; Liu, J. W., Kanamycin Adsorption on 370 
Gold Nanoparticles Dominates Its Label-Free Colorimetric Sensing with Its Aptamer. Langmuir 2020, 36, 371 
11490-11498. 372 
(22) Dragan, A.-M.; Parrilla, M.; Feier, B.; Oprean, R.; Cristea, C.; De Wael, K., Analytical Techniques 373 
for the Detection of Amphetamine-Type Substances in Different Matrices: A Comprehensive Review. 374 
TrAC Trends Anal. Chem. 2021, 145, 116447. 375 
(23) Zhao, Y.; Yavari, K.; Wang, Y.; Pi, K.; Van Cappellen, P.; Liu, J., Deployment of Functional DNA-376 
Based Biosensors for Environmental Water Analysis. TrAC, Trends Anal. Chem. 2022, 153, 116639. 377 
(24) McKeague, M.; De Girolamo, A.; Valenzano, S.; Pascale, M.; Ruscito, A.; Velu, R.; Frost, N. R.; 378 
Hill, K.; Smith, M.; McConnell, E. M., Comprehensive Analytical Comparison of Strategies Used for Small 379 
Molecule Aptamer Evaluation. Anal. Chem. 2015, 87, 8608-8612. 380 
(25) Huang, P. J. J.; Liu, J. W., Selection of Aptamers for Sensing Caffeine and Discrimination of Its 381 
Three Single Demethylated Analogues. Anal. Chem. 2022, 94, 3142-3149. 382 
(26) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L.-N., Rapid Measurement of Binding Constants 383 
and Heats of Binding Using a New Titration Calorimeter. Anal. Biochem. 1989, 179, 131-137. 384 
(27) Wu, Y.; Belmonte, I.; Sykes, K. S.; Xiao, Y.; White, R. J., Perspective on the Future Role of 385 
Aptamers in Analytical Chemistry. Anal. Chem. 2019, 91, 15335-15344. 386 
(28) Nakatsuka, N.; Yang, K.-A.; Abendroth, J. M.; Cheung, K. M.; Xu, X.; Yang, H.; Zhao, C.; Zhu, 387 
B.; Rim, Y. S.; Yang, Y., Aptamer-Field-Effect Transistors Overcome Debye Length Limitations for Small-388 
Molecule Sensing. Science 2018, 362, 319-324. 389 
(29) Nutiu, R.; Li, Y., In Vitro Selection of Structure‐Switching Signaling Aptamers. Angew. Chem. Int. 390 
Ed. 2005, 44, 1061-1065. 391 
(30) Lyu, C.; Khan, I. M.; Wang, Z., Capture-SELEX for Aptamer Selection: A Short Review. Talanta 392 
2021, 229, 122274. 393 
(31) Qu, H.; Zheng, M.; Ma, Q.; Wang, L.; Mao, Y.; Eisenstein, M.; Tom Soh, H.; Zheng, L., Allosteric 394 
Regulation of Aptamer Affinity through Mechano‐Chemical Coupling. Angew. Chem. Int. Ed. 2023, 62, 395 
e202214045. 396 
(32) Bernhart, S. H.; Hofacker, I. L.; Will, S.; Gruber, A. R.; Stadler, P. F., Rnaalifold: Improved 397 
Consensus Structure Prediction for RNA Alignments. BMC Bioinformatics 2008, 9, 474. 398 
(33) Khusbu, F. Y.; Zhou, X.; Chen, H. C.; Ma, C. B.; Wang, K. M., Thioflavin T as a Fluorescence 399 
Probe for Biosensing Applications. TrAC Trends Anal. Chem. 2018, 109, 1-18. 400 
(34) Yang, K.; Mitchell, N. M.; Banerjee, S.; Cheng, Z.; Taylor, S.; Kostic, A. M.; Wong, I.; Sajjath, S.; 401 
Zhang, Y.; Stevens, J.; Mohan, S.; Landry, D. W.; Worgall, T. S.; Andrews, A. M.; Stojanovic, M. N., A 402 
Functional Group-Guided Approach to Aptamers for Small Molecules. Science 2023, 380, 942-948. 403 
(35) Sarpong, K.; Datta, B., Nucleic-Acid-Binding Chromophores as Efficient Indicators of Aptamer-404 
Target Interactions. Journal of Nucleic Acids 2012, 2012, 247280. 405 
(36) Slavkovic, S.; Johnson, P. E., Isothermal Titration Calorimetry Studies of Aptamer-Small Molecule 406 
Interactions: Practicalities and Pitfalls. Aptamers 2018, 2, 45-51. 407 
(37) Ding, Y. Z.; Liu, J. W., Pushing Adenosine and Atp Selex for DNA Aptamers with Nanomolar 408 
Affinity. J. Am. Chem. Soc. 2023, 145, 7540-7547. 409 
(38) Daems, E.; Moro, G.; Campos, R.; De Wael, K., Mapping the Gaps in Chemical Analysis for the 410 
Characterisation of Aptamer-Target Interactions. TrAC, Trends Anal. Chem. 2021, 142, 116311. 411 
(39) Liu, Y.; Liu, J., Selection of DNA Aptamers for Sensing Uric Acid in Simulated Tears. Anal. Sens. 412 
2022, 2, e202200010. 413 
(40) Huang, F.; Kumar Lat, P.; Sen, D., Unusual Paradigm for DNA–DNA Recognition and 414 
Binding:“Socket-Plug” Complementarity. J. Am. Chem. Soc. 2023, 145, 3146-3157. 415 
(41) Xu, R.; Yang, C.; Huang, L.; Lv, W.; Yang, W.; Wu, Y.; Fu, F., Broad-Specificity Aptamer of 416 
Sulfonamides: Isolation and Its Application in Simultaneous Detection of Multiple Sulfonamides in Fish 417 
Sample. J. Agric. Food Chem. 2022, 70, 11804-11812. 418 



19 

 

(42) Yang, L.; Ni, H.; Li, C.; Zhang, X.; Wen, K.; Ke, Y.; Yang, H.; Shi, W.; Zhang, S.; Shen, J., 419 
Development of a Highly Specific Chemiluminescence Aptasensor for Sulfamethazine Detection in Milk 420 
Based on in vitro Selected Aptamers. Sens. Actuators B Chem. 2019, 281, 801-811. 421 

 422 

  423 



20 

 

For Table of Content Graphics Only 424 

 425 

 426 


